Introduction {#Sec1}
============

To make appropriate diagnostic and management decisions, physicians must cognitively integrate and apply knowledge and skills from multiple disciplines. Cognitive integration is defined as "conceptual, cognitive connections between different types of knowledge," occurring within the mind of the learner \[[@CR1]\]. Previous studies suggest novices' cognitive integration of basic science and clinical concepts leads to improved diagnostic performance in this early stage of training \[[@CR2]--[@CR10]\]. Because cognitive integration is not directly observable, demonstrating evidence of successful cognitive integration remains a challenge.

The diagnostic reasoning processes of experts versus novices have been extensively studied, and characteristic patterns of diagnostic task performance have been described that correlate with level of expertise. Previous studies have suggested that novices primarily utilize a pathophysiologic analytical (i.e., causal) approach to diagnostic reasoning and rely less on the compare-contrast analytical approach or on pattern recognition, both of which are thought to develop only after trainees begin building robust illness scripts based on clinical experience \[[@CR11]--[@CR15]\]. However, the novices in published studies examining diagnostic reasoning approaches have been limited to intermediate (third year or fourth year) medical students, resident physicians, or nonmedical health professions students (e.g., massage therapy students, undergraduate kinesiology students, physical therapy students) \[[@CR5], [@CR8], [@CR16]--[@CR20]\]; little is known about the diagnostic reasoning approaches of early, preclinical medical students. Published studies involving preclinical medical students consist of intervention studies reporting results of knowledge-based testing or diagnostic accuracy rather than characterization of how these students formulate their differential or working diagnoses \[[@CR9], [@CR21]--[@CR24]\]. Since clinical reasoning curricula now extend into the preclinical years for many medical schools, understanding these learners' approach to diagnostic reasoning from the beginning of their development is important for both curriculum development and learner assessment in these cognitive skills.

Simulation is an instructional delivery method thought to promote cognitive integration and diagnostic reasoning by providing learners with opportunities to apply basic science knowledge in relevant clinical contexts, including opportunities to practice applying their causal knowledge---that is, using basic science concepts to explain clinical manifestations of disease \[[@CR12], [@CR25]--[@CR28]\]. With this in mind, we developed a collaborative, simulation-based learning activity for our first-year medical students requiring them to integrate knowledge from multiple disciplines in order to problem-solve during a simulated viral pandemic. In this study, we analyzed students' reports from this learning activity in order to (1) characterize how early preclinical students integrate new and existing knowledge as reflected in their written diagnostic justification tasks and (2) characterize early preclinical students' diagnostic reasoning approaches to this case. A secondary objective of this study was to identify the resources these students used to approach their self-directed learning during this activity.

Materials and Methods {#Sec2}
=====================

Subjects and Educational Context {#Sec3}
--------------------------------

The subjects in this study were 140 first-year medical students who participated in a 2-hour simulated pandemic activity in January 2018. The event was part of students' virology course and occurred following core virology instruction.

The virology course occurred approximately 6 months into students' first year of medical school and followed the anatomy, biochemistry, and bacteriology courses. Prior to this event, the students had had pathophysiology instruction on metabolic, bacterial, genetic, fungal, and immunological diseases as well as sepsis. Concurrently throughout the first year, these students also participated in longitudinal clinical skills, epidemiology, and bioethics courses. Prior to this simulation event, these students had learned how to collect a full history in their longitudinal clinical skills course; this included history-taking skills practice in numerous real and simulated patient encounters in each of the 11 clinical skills class sessions leading up to this event. These students had also participated in 24 sessions of a longitudinal, problem-based learning (PBL) course prior to this simulation event. The PBL course is case based and focused on differential diagnosis formulation using a causal approach, guided by a mnemonic ("VINDICATEM-P") to systemically consider diseases in each pathophysiological category. During these sessions, students engaged in self-directed learning as needed when their baseline knowledge was insufficient to generate a relevant list of diseases from each category.

For the simulated viral pandemic activity, students were assembled into 20 teams of 6 to 7 students, each of which was tasked with collecting and analyzing data to formulate hypotheses for the source of the pandemic. Each team rotated through a series of 3 stations: a 10-minute viewing of a simulated inpatient room, during which student teams gathered data from bedside clinicians about their observations of patients' physical exam findings and clinical course, and two 10-minute encounters with actors portraying eyewitnesses, during which students gathered data about patients' initial symptoms (of note, students could not directly interview the patients themselves, as the simulated illness was characterized by severe aggression and disorientation).

During portions of the activity when they were not rotating in one of the above stations, students worked with their teammates to review and analyze other data provided on a simulated "Emergency Operations Center" website which housed simulated epidemiological data and video clips of frontline clinician reports. The epidemiological data included the case definition of the illness; 2 distribution maps illustrating the number of cases of the disease across the world and among states within the USA, respectively; epidemic curves for 6 US cities and one other country where the illness was first identified; and tables of risk ratios for 5 US states, which included risk ratios and 95% confidence intervals for various age groups, males versus females, different racial/ethnic groups, and rural versus urban locations. The video clips of frontline clinician reports provided clinical observations about infected patients from the perspectives of an emergency medicine physician, a neurologist, a pathologist, and a critical care physician (videos were 3 to 7 min, each). Links to ethics resources were also provided, including brief descriptions of a list of relevant ethical considerations (e.g., duty to care, fairness, transparency, etc.) as well as a brief video of an ethicist highlighting several ethical issues that have arisen during the simulated pandemic, including acting in patients' best interest, struggles with resource allocation, challenges in protecting frontline healthcare providers who are at high risk of infection, and mandatory quarantine (though specific strategies for addressing these issues were not provided).

Periodically throughout the activity, students were also emailed a series of "updates from the field," the first of which was a simulated chart review summarizing the clinical characteristics noted at presentation of patients seen in the local emergency department, including the mean and range of patient ages, frequencies of specific presenting signs and symptoms, laboratory and radiological findings, and clinical outcome (discharged to home vs. ongoing hospitalization vs. death). The second email provided students with electron micrograph images of the mystery pathogen, including captions providing clues to the viral structure. The third email, sent in the latter half of the activity, presented students with risk ratios of adult and pediatric patients treated with fresh frozen plasma and/or cryoprecipitate, indicating lower risk of mortality among patients treated with the latter; this email presented students with the additional task of developing an ethically sound strategy for allocating this limited resource (which was in short supply) to infected patients.

Students were instructed to electronically submit a team report using a prepared template on Microsoft Word (Microsoft Corporation, Redmond, WA); the template included prompts directing students to (1) analyze clinical, epidemiologic, and molecular data to determine the most likely pathogen causing this outbreak; (2) develop recommendations for treatments or treatment strategies, based on the leading hypothesis, and (3) develop recommendations for public health measures in the local community to prevent further spread of the infection. Students were required to explicitly justify each of these items, using supporting evidence from the data they collected during the activity and/or relevant information collected during self-directed learning. Students were also instructed to cite the sources they used during their self-directed learning. Following the conclusion of the 2-hour attendance-required activities, student teams were allowed an additional 2 hours to work on their team reports, if desired, before final submission.

Analysis {#Sec4}
--------

Students' reports were analyzed using an exploratory sequential mixed method design. First, a content analysis approach was used to characterize students' diagnostic reasoning and patient management tasks \[[@CR29]\]. We systematically reviewed all reports and formulated descriptive codes for the data through an iterative data analysis process and then organized these codes into related themes. We then repeatedly reviewed the reports to clarify and refine the codes and themes using constant comparison; we then calculated the frequency of each code among students' reports to provide insight into which problem-solving tasks students selected most frequently to address this case scenario. These codes were initially organized by themes according to the course or discipline representing the source of learning content described in each code (e.g., virology, epidemiology), to characterize the disciplines integrated by students in their reports for this problem-solving exercise.

Next, we identified a subset of these task codes as diagnostic reasoning tasks by identifying the codes indicating students' use of data to identify potential pathogens for students' differential diagnosis and/or students' use of data to justify their working diagnosis. These diagnostic reasoning task codes were then categorized by diagnostic reasoning approach type: a compare-contrast approach (i.e., illness script elements of patients' disease presentation are compared with those of known diseases) vs. a causal approach (i.e., a postulated pathophysiologic mechanism explaining patients' clinical findings is used to select diagnoses for the differential) \[[@CR11], [@CR12]\]. Compare-contrast approach codes were characterized as such if a task involved a direct comparison of the simulated patients' features to the features of known diseases.

Next, we analyzed the learning content of students' reports using the same exploratory sequential mixed method approach described above. Once coded, we identified which of these topics had been covered previously in the curriculum prior to this simulation event by comparing this list of topics with students' learning materials (e.g., lecture slides, notes, assigned readings) from all courses leading up to this simulation. We also met with applicable course directors to confirm which content was new versus previously encountered. Topics not identified in students' prior learning materials, or those that were only briefly mentioned but not covered in detail, were considered new learning content.

Finally, we analyzed the resources students cited from their self-directed learning in a similar fashion, organized them into categories of source type (specific websites, UpToDate®, journal articles, textbooks, or other online sources), and calculated the citation frequency of these sources, among all sources cited in students' reports.

Results {#Sec5}
=======

Twenty student team reports were collected and analyzed (139 total students). We identified 16 codes for problem-solving tasks, organized into themes by the source course or discipline; these findings are summarized in Table [1](#Tab1){ref-type="table"}. These task codes demonstrated that students integrated knowledge and skills from a variety of disciplines in order to address their assigned problem-solving tasks, including virology, epidemiology, clinical skills, and bioethics.Table 1Distribution of problem-solving task codes among medical student teams' reports, simulated viral pandemic, January 2018, organized by discipline/courseTasks applying virology content[% Reports (n)]{.ul} • Identifies similarities between patients' clinical complications and those of diseases in the differential diagnosis for this case^a^95% (19) • Identifies similarities between unknown pathogen's cellular/molecular structure and diseases with similar features^a^95% (19) • Rationale for recommended treatments linked to diseases in the differential diagnosis for this case95% (19) • Identifies similarities between patients' physical exam findings and diseases with similar presenting exam findings^a^90% (18) • Identifies similarities between patients' geographic location and those of the diseases in the differential diagnosis^a^70% (14) • Rationale for recommended treatments linked to suspected pathophysiologic mechanism occurring in patients in this case70% (14) • Identifies similarities between patients' lab findings and diseases with similar presenting lab findings^a^60% (12) • Identifies direct exposure risks among patients related to risk factors for the diseases in the differential diagnosis for this case^a^40% (8) • Explains abnormal clinical findings based on pathophysiologic mechanisms of diseases in the differential diagnosis^b^20% (4)Tasks applying clinical skills content (data collection, communication skills)[% Reports (n)]{.ul} • Identifies similarities between patients' symptoms and diseases with similar presenting symptoms^a^100% (20) • Identifies similarities between patients' illness narrative (tempo, timing, and sequence of symptoms) and diseases with similar presenting symptoms^a^80% (16)Tasks applying epidemiology content[% Reports (n)]{.ul} • Rationale for recommended public health measures linked to transmission route(s) of the diseases in the differential diagnosis for this case75% (15) • Identifies similarities between likely transmission route and that of diseases in the differential diagnosis, based on interpretation of epidemiologic data^a^45% (9) • Identifies groups with higher vs. lower risk of mortality, based on interpretation of epidemiologic data45% (9) • Identifies groups with higher vs. lower risk of acquiring disease, based on interpretation of epidemiologic data^a^15% (3)Tasks applying ethics content[% Reports (n)]{.ul} • Rationale for recommended resource allocation explicitly linked to relevant, sound ethical principles95% (19)^a^Diagnostic reasoning task codes using a compare-contrast approach^b^Diagnostic reasoning task codes using a causal approach

Eleven of the above 16 problem-solving task codes were identified as diagnostic reasoning task codes. When these codes were categorized according to the diagnostic reasoning approach used to formulate the differential diagnosis, all (100%) student team reports used a compare-contrast approach to identify candidate diseases for their differential diagnoses, and a subset (4, 20%) of team reports also included a causal approach to diagnostic reasoning.

Among the virology topics cited in students' reports (Table [2](#Tab2){ref-type="table"}), most had been encountered previously in the microbiology course prior to this simulation event, though several viruses and viral disease treatments mentioned in the reports represented new learning content. Aspects of disease states (e.g., disseminated intravascular coagulation, shock) mentioned in students' reports had been introduced previously, but management of these conditions represented new content. As for epidemiology topics, the biostatistics topics and the disease surveillance, transmission, and prevention measures concepts explicitly mentioned in students' reports had all been encountered previously, though management of large-scale disease outbreaks at the community and healthcare system levels represented new content.Table 2Learning content cited in medical student teams' reports, new versus encountered in the curriculum prior to the simulated viral pandemic, January 2018Topics encountered previouslyNew topicsVirology concepts  Viral structure  Viral pathogenesis  Viral reassortment  VaccinesViruses  Ebola virusLassa virus  CoronavirusesMarburg virus  Rabies virusCrimean-Congo hemorrhagic fever (Nairovirus)  JC virus  BK virusHemorrhagic measles  Measles virus  Hantavirus  Dengue viruses  Yellow fever virusAntimicrobial treatments  Ribavirin for paramyxovirusesRibavirin for non-paramyxoviruses  Milwaukee protocol for rabiesExperimental drugs for Ebola  Vitamin A for measlesExperimental drugs for MarburgDisease states  Disseminated intravascular coagulation (DIC) pathophysiology, clinical features^a^DIC managementHemorrhagic shock management  Shock pathophysiologyHypovolemic shock management  Clinical features of shockBiostatistics  Epidemic curves  Risk ratios  Confidence intervalsPopulation health  Disease surveillanceCommunity management during large-scale infectious outbreaks  Modes of disease transmission  Disease vectorsHealthcare facility management during large-scale infectious outbreaks  Disease transmission prevention (personal protective equipment, hand hygiene, isolation)Bioethics  Principles---non-maleficence, beneficence, justiceResource allocation strategies^a^Brief, introductory material only; students had not yet encountered more detailed instruction on this topic in the hematology course

Among the sources selected for self-directed learning cited by students' reports, we identified 6 codes for source types, listed in Table [3](#Tab3){ref-type="table"}. With the exception of 1 hard-copy textbook cited in 1 team report, all sources cited were externally derived, online resources.Table 3Sources of information from self-directed learning, cited in medical student teams' reports, simulated viral pandemic, January 2018Source% (n) Student reports citing this sourceCenters for Disease Control (CDC) website60% (12)World Health Organization (WHO) website60% (12)UpToDate®40% (8)Journal articles30% (6)Textbooks10% (2)Other online source5% (1)

Discussion {#Sec6}
==========

Analysis of students' hypotheses and treatment recommendations for this simulated viral pandemic activity provided data demonstrating evidence of cognitive integration of both previously encountered learning content from multiple disciplines and newly acquired learning content. These reports also provided insights into first-year medical students' diagnostic reasoning approach, which consisted primarily of a compare-contrast process between the clinical features of patients in the case scenario versus illness scripts of known diseases, though a subset of students also applied a causal approach to identify candidate diseases.

Our findings were somewhat surprising given that, over the preceding initial 6 months of medical school, the medical students in our study had been participating in a longitudinal case-centered, PBL course that had routinely tasked them with using a causal (i.e., pathophysiologic analytical) approach to differential diagnosis formulation. In addition, previous studies on diagnostic reasoning among medical students indicate these novice learners tend to utilize a causal approach \[[@CR11]--[@CR15]\]. However, in our study, only a small proportion of student reports alluded to using a causal approach. These contrasting findings are likely in part due to the fact that most prior studies were conducted on students at more advanced stages of training than that of our learner group.

The use of a compare-contrast approach we observed among students' reports following the pandemic simulation is likely explained by the fact that their biomedical knowledge base was not yet sufficient at that point in their training to allow them to analyze the clinical data of the pandemic case with a causal approach. Indeed, these students had not yet been exposed to much of the pathophysiology implicated by the signs and symptoms of the patients in the simulated case scenario (excessive bleeding and aggression). Our findings may be explained by the search-inference framework proposed by Aberegg et al., which is not unlike what patients often do to investigate their own symptoms \[[@CR30]\]. In this framework, novice problem-solvers---motivated by a specific goal---develop a list of possibilities by seeking their memory or external sources and then use inference to compare and evaluate these possibilities by seeking evidence for and against each one, again using their memory or external sources. The problem-solver then selects the solution mostly likely to satisfy the goal, based on his/her evaluation of the evidence. However, as Aberegg and colleagues point out, such an approach---though practical for the novice---is susceptible to many types of cognitive biases that, left unchecked, could easily lead the clinician astray.

Without an adequate understanding of the underlying pathophysiological mechanisms of disease, simply using a compare-contrast approach is not likely to be a successful long-term diagnostic strategy for novices. In fact, understanding and connecting the underlying causal mechanisms to their corresponding clinical manifestations of disease has been shown to be beneficial to the diagnostic reasoning performance of novice learners, with improved long-term memory retention of diagnostic categories and superior diagnostic accuracy when solving difficult cases \[[@CR5]--[@CR7]\]. As novices' biomedical knowledge base continues to expand during their preclinical training, practicing diagnostic reasoning through challenging cases, such as the one presented in our simulated pandemic activity, has benefits for further developing their mental representations of disease. Chamberland and colleagues found that challenging cases appear to activate medical students' biomedical knowledge by stimulating pathophysiological inferences during self-explanation \[[@CR18]\]. Other studies have demonstrated the benefit of self-explanation during diagnostic reasoning, resulting in improved diagnostic accuracy of complex cases, even without receiving feedback on one's clinical reasoning \[[@CR17], [@CR31]--[@CR33]\]. Self-explanation is thought to improve learners' understanding of the learning material by activating cognitive processes that ultimately strengthen the cognitive connections between elements of the information learned \[[@CR32]\].

Some investigators have found that the use of specific prompts can enhance the effectiveness of learners' self-explanations on learning \[[@CR19], [@CR34], [@CR35]\]: *justification prompts* (prompts to justify one's reasoning with underlying principles and concepts) are thought to trigger learners' biomedical knowledge by focusing them on the underlying pathophysiological mechanisms; by contrast, *mental model revision prompts* (prompts to compare and contrast one's existing knowledge to new knowledge) are thought to help students revise and make corrections to their existing knowledge. Despite the fact that justification prompts were included in the report template and student instruction documents for the simulated pandemic activity, our students' written diagnostic justifications did not include much discussion of pathophysiological mechanisms. Again, this discrepancy may be due to our more novice learner group and their limited biomedical knowledge at the time of the simulation.

This study provided insights into how preclinical medical students select sources of information during their self-directed learning, which is consistent with the findings of several prior studies. Graber and colleagues found that third-year medical students use electronic resources extensively during problem-solving, particularly Google's search engine; online journal articles and other clinical decision tools such as UpToDate® were used much less frequently. Focus group findings from their study suggested potential reasons for these source usage patterns related to students' familiarity with Google and their inability to assess the relative efficacy of online decision-support resources \[[@CR36]\]. More recent studies have shown similar findings, with Google, Wikipedia, and social media being the information-seeking resources most frequently used by contemporary medical students, whereas online journals, scholarly databases, and medical texts are accessed relatively infrequently \[[@CR37]--[@CR39]\]. Features such as ease of use and efficiency of access appear to heavily influence today's medical students' choices of such resources \[[@CR39]--[@CR41]\].

Limitations to this study include that it was a single institution study, and the generalizability of our findings may be limited by the specific case scenario and learning activity used in this study. Student team reports were submitted as a group and therefore may not fully reflect every individual student member's diagnostic justification performance. The 4-hour time limitation for the simulated pandemic activity may have affected students' performance of the assigned tasks, particularly with respect to their selected information-seeking behaviors. In addition, students' actual diagnostic reasoning approaches while working in their small groups may have included other strategies beyond those documented in their reports; their use of causal inferences, for example, could have been more prevalent than what was reflected in their written reports. Similarly, students' information sources during self-directed learning may have included other sources beyond those cited in their reports.

This study provides insight into early medical students' diagnostic reasoning approach and information-seeking behaviors during self-directed learning tasks. Future study is needed to determine if the same behaviors we observed in this study would occur in this learner group when presented with other clinical problem-solving scenarios. Such data would add further support to the search-inference framework hypothesis and could have important implications for clinical reasoning curricula for learners at this stage in medical school training.

Conclusions {#Sec7}
===========

Collaborative, task-based problem-solving during a simulated pandemic can provide preclinical medical students opportunities to integrate learning content from multiple disciplines. Evidence of learners' cognitive integration can be made explicit through their narrative justification of problem-solving tasks. Patterns of learners' task performance can provide important insights into their problem-solving, clinical reasoning, and self-directed learning approaches. Our study suggests that early medical students tend to rely on a compare-contrast approach to diagnostic reasoning similar to the search-inference framework described by previous authors. Students' sources of information for self-directed learning were consistent with findings of other studies of this generation of digital native learners. These findings could have implications for clinical reasoning curricular design for these early learners.
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